Galilean satellite. To support the geologic analysis topographic data of high resolution are needed. However, such
INTRODUCTION
cifically to obtain stereo coverage in Uruk Sulcus (11.5Њ Ganymede's surface is covered by bright and dark ter-northern latitude, 192Њ eastern longitude) and Galileo rain features with intricate geological relationships (Shoe-Regio (18Њ northern latitude, 212Њ eastern longitude). This maker et al. 1982 , McKinnon et al. 1986 , Squyres and Croft stereo coverage allowed us to carry out the first detailed 1986). The great complexity of the surface has hitherto high-resolution topographic mapping of Ganymede's surprevented photogeologists from fully understanding the face. In this paper, we describe the photogrammetric analysis of the stereo images that leads to local DTMs for processes that have formed and shaped the surface of this Ganymede. From the terrain models, we describe, characterize, and discuss Ganymede's surface morphology at small scale. However, the comprehensive geological interpretations are left to companion papers (Prockter et al. 1998 , Pappalardo et al. 1998 .
DATA BASE
During its first two encounters with Ganymede (G1 and G2), the Galileo SSI camera acquired more than 70 images. For stereo coverage, 4 images were obtained in Uruk Sulcus and Galileo Regio, respectively, during the first encounter on June 27, 1996. During the second encounter, on September 6, 1996, the corresponding stereo partner images (2 in Uruk Sulcus and 1 in Galileo Regio) were acquired ( Figs. 1 and 2 ). Parameters describing the imaging and illumination geometry are given in Table I .
Unfortunately, 30% (Uruk Sulcus) and 20% (Galileo Regio) of each G1 image was lost during onboard data processing, which resulted in gaps in the image mosaics. In addition, 30% (Uruk Sulcus) and 20% (Galileo Regio) of each G2 image was not transmitted due to limited allocation for image data return. G2 images were subjected to
FIG. 2. Stereo images obtained within Galileo Regio during the first (G1) and the second (G2) Galileo Ganymede encounter. Location: 18Њ
high ICT 8 ϫ 8 data compression. However, to evaluate latitude (north), 212Њ longitude (east). To demonstrate the stereo overlap the consequences of compression on data quality, a ''truth the images are shown in identical sinusoidal map projections. Nominal camera pointing data were used to produce this mosaic.
window'' in the center of each image frame was selected in which the data were left losslessly compressed for the transmission. Spacecraft trajectory and nominal camera pointing parameters for each image were supplied by the Galileo flight project. Geometric camera calibration data used are given in Table II .
VISUAL INSPECTION
Prior to the digital analysis, stereo image pairs were resampled for identical map projection and scales and placed under a stereoscope for visual inspection. Additionally, anaglyphs were produced (Figs. 3 and 4) . The stereo analysis by the human eye provides visual impressions of surface morphology and crude estimates of surface elevations. It can also help to identify blunders in DTMs. However, to derive quantitative topographic information from stereo images, methods of photogrammetry must be applied.
PHOTOGRAMMETRIC ANALYSIS

FIG. 1. Stereo images obtained within Uruk Sulcus during the first
The photogrammetric analysis we applied was carried (G1) and the second (G2) Galileo Ganymede encounter. Location: 11.5Њ out in basically three stages, which are described in detail latitude (north), 192Њ longitude (east). To demonstrate the stereo overlap, below. First, the nominal camera navigation data were adthe images are shown in identical sinusoidal map projections. Nominal camera pointing data were used to produce this mosaic.
justed by ''bundle block adjustment'' techniques to improve their relative accuracy. Next, large numbers of conjugate whereas the camera position data were fixed at their nominal values (the nominal position accuracy is by an order points in the stereo images were collected by digital image of magnitude better than the nominal pointing accuracy). correlation. Finally, ground points were computed from In addition to the camera positions, the pointing angles these and interpolated to form a contiguous DTM grid.
of frames S0359945600 (Uruk Sulcus) and S0349759039
Bundle Block Adjustment
(Galileo Regio) were held fixed during the adjustments. The topographic reference datum defined in this way relies As the accuracy of the nominal camera pointing data is on the absolute accuracy of nominal navigation data. As not sufficient to calculate precise ground point coordinates we are interested in relative heights only, this should be from coordinates of conjugate image points, these data an acceptable approach. must be improved. To do so a photogrammetric bundle
The block adjustment converged rapidly and was termiblock adjustment was applied. The method of bundle block nated after five iterations. However, a full adjustment of adjustment is mathematically based on the colinearity the pointing data could not be achieved because the overequations (Krauss 1990) , which relate image coordinates to lapping areas between G2 images and G1 images were camera navigation data (position and pointing) and ground rather small in some cases (Table III) . For Galileo Regio (object) coordinates. These equations were solved within images, we had 40% overlap at best (frames S0359944739 a least-squares adjustment (Zhang et al. 1996) . Thereby, and S0349759039) and 15% at worst (frames S0359944739 measured image points and camera pointing data were and S0349759026). As a consequence, we later found small used as observations with their a priori accuracies. We hand height offsets between individual DTMs. picked and measured coordinates of 185 (Uruk Sulcus) and 188 (Galileo Regio) conjugate image points in overlapping 4.2. Image Correlation parts of the images. Coordinates were extracted at an estiThe goal of image correlation is to determine large nummated accuracy of 0.75 pixels. The accuracy of the nominal bers of conjugate image points for the purpose of DTM pointing data was assumed to be smaller than 1 mrad, generation. We applied an automatic area-based matching strategy, in which pixel patterns within correlation windows (''patches'') in a ''reference'' image are searched for (Table III) .
FIG. 3.
Anaglyph (red-blue) derived from frames S0349758939, S0349758978, S0359945600, and S0359945613 (Uruk Sulcus). Note that stereo coverage is restricted only to a strip from lower left to upper right in this figure.
The presence of extended dark and bright areas with the patches to be approximately planar. Only in this case is the achieved subpixel accuracy a reliable value. If the low contrast and blocky compression artifacts in the G2 planar approximation breaks down (i.e., if there is topograimages often caused the automated image correlation to phy at scales smaller than the patch) we suspect that the fail. To cope with this problem large patches had to be accuracies of returned points may be as poor as 1 pixel. applied. We determined a patch size of 15 pixels both for Galileo Regio and Uruk Sulcus to obtain sufficient (about 4.3. DTM Generation 90%) coverage of the stereo overlap area by conjugate image points (Fig. 5) , with the remaining gaps being mostly Conjugate image points of image pairs were converted associated with dark areas in Galileo Regio. We did not to ground coordinates of object points by solving the cofurther enlarge the patch size, as this would have caused linearity equations at fixed navigation parameters (Zhang smoothing effects which would have deteriorated the spa-et al. 1996) . Thereby we used the improved pointing data tial resolution of the terrain model. from the bundle block adjustment. The object points were Spacings between the matching patches were selected transformed into a sinusoidal map projection and interpoto be two pixels. The achieved subpixel accuracies for re-lated to form a contiguous grid. Grid points that could not turned image points were better than 0.2 pixels. This value be interpolated because they lacked a sufficient number was used as the threshold value to eliminate ''bad'' of points in the surroundings were left as gaps. matches. It is important to note that the transformation Generally, any DTM scale can be applied even as small as the pixel size of the images. However, in practice, DTMs between the image patches assumes the surface viewed by   FIG. 4 . Anaglyph (red-blue) derived from G1/G2 frames in Galileo Regio. Note that only the red-colored part is in stereo. Especially, there is a lack of stereo image data along the north-south trending central strip (compare also Fig. 2 ). (1998) suggest that there are relief-controlled pixels, Uruk Sulcus: 800 ϫ 560 pixels) was considered instead of the full albedo variations with large (3 : 1) contrast in the G1 im-(800 ϫ 800 pixels) image (cf. Section 2). Note also that the sum of covered ages which makes the approach of photoclinometry for reference image areas from different target images can be larger than terrain modelling questionable.
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100% because the target images overlap.
Uruk Sulcus
The DTM obtained from the Uruk Sulcus stereo images generated at image scales do not show all the details seen covers an area of 22 ϫ 56 km (excluding the central gap). in the image data, owing to low accuracies of the object
The terrain model shows a wave-like system of ridges and points used to interpolate the DTM grid. We estimated troughs with different wavelengths (Fig. 6 ). This topograthe object point accuracies for the particular viewing geomphy is aligned with the bright and dark lineament patterns etry in Uruk Sulcus and Galileo Regio (see Appendix).
seen in the image data. Comparison of image and topoTaking into account that the horizontal resolution of a graphic data suggests that there is a high correlation be-DTM may not be better than five times the horizontal tween the areal distribution of bright and dark materials accuracy of the points (assuming that point errors are disand elevation. Bright material is found on topographic tributed at random), we get horizontal resolutions at best highs, whereas dark material is located in depressions. Imof about 50 m in Uruk Sulcus and 100 m in Galileo Regio.
plications for geology are discussed in the paper by PappaThe vertical resolutions are expected to be no better than lardo et al. (1998) . 50 m in Uruk Sulcus and 80 m in Galileo Regio. We want Prominent wavelengths range from 4 to 6 km and wave to stress that these are lower resolution limits. The actual amplitudes reach some hundreds of meters, 500 m at highresolutions achieved locally can be poorer by an order est ( Fig. 6; Fig. 8 , profiles p1 and p2). The topographic of magnitude depending on the local surface properties wave trains are not symmetric in shape. Wave humps are (contrast, validity of planar approximation, see Section seen to rise with different slopes, e.g. 15Њ on one side and 4.2). To preserve those areas with high point accuracies 4Њ on the other (Fig. 8, profile p2) . The steepest slopes we generated the DTMs at a scale of 200 m/pixel (Uruk measured anywhere are 19Њ. Both concave and convex Sulcus) and 300 m/pixel (Galileo Regio). Smaller scale slopes exist. These results agree with those obtained by DTMs did not show more detail, in spite of the fact that photoclinometric analysis of Voyager images near Gathere is still more detail seen in the anaglyph image.
nymede's south pole (Squyres 1981). Squyres found typical As a result, we obtained 4 individual DTMs from the wavelengths of 5-6 km and typical amplitudes of about Uruk Sulcus images and 4 individual DTMs in Galileo 300-400 m in the grooved terrain area. Also, convex and Regio, which were finally mosaicked to form single terrain concave slopes were identified, and the steepest slopes he models (Figs. 6 and 7 (top)). Small height offsets between measured were about 20Њ. Moreover, some of the waves individual DTMs (cf Section 4.1) were removed. appeared to have secondary terraces (about 2 km in width), similar to what is seen in our data (Fig. 8, profile p2) . The
DISCUSSION
similarity between the grooved terrain area near Ganymede's south pole and in Uruk Sulcus, which is almost The horizontal resolution of the derived DTMs in Uruk located near the equator, suggests that the same processes Sulcus and Galileo Regio (Figs. 6 and 7 ) turned out to be much lower than the resolution of the images used. Most may have formed this type of terrain.
FIG. 5. Results of image correlation tests for frame S0359944739 (top-left) and frame S0349759039 (not shown).
In the ''truth window'' (marked by a rectangle) the data were transmitted using lossless compression, in contrast to the remaining part of the image. The scattergrams show the distribution of points in image space that could be successfully matched for patch size ϭ 7 pixels (top-right), patch size ϭ 9 (bottom-left), and patch size ϭ 15 (bottom-right). Note that a patch size of 9 pixels would have been sufficient to obtain almost complete coverage if all image data were transmitted losslessly compressed.
Profiles p1 and p3 of Fig. 8 show double-humped wave 5.2. Galileo Regio structures with spacings of about 2 km. Narrow 2-km-scale
The DTM obtained from the Galileo Regio stereo imwaves with amplitudes of about 200 m are seen in the separated part of the study area (Fig. 6 ). The terrain model ages covers an area of 63 ϫ 102 km. In comparison with Uruk Sulcus, it shows a quite different style of topography. shows that some of the wave crests are curved, an observation which may bear important implications for the forma-Prominent features are furrows, ridges, plateaus, isolated knobs, and large degraded impact structures (Fig. 7) . Furtion of this terrain (Pappalardo et al. 1998) . The two plots of d(u) versus u for the two terrain models (Fig. 10) indicate that the surface is rougher in Galileo widths are between a few kilometers to 10 km (Fig. 9 , profiles p6 and p7). The rim-to-bottom height range is from Regio and has a shorter characteristic correlation length than in Uruc Sulcus. This is confirmed by visual inspection hundreds of meters up to 1 km. Local slopes reach 30Њ. Unlike the topography in Uruk Sulcus, the furrows and of the terrain model which suggests that overall variations in elevation are greater and slopes are generally steeper ridges in Galileo Regio are not aligned.
There is a separated, triangle-shaped area bounded by in Galileo Regio. furrows (center part of Fig. 7 ) which may have been dis-5.4. Craters placed as a whole. Except for the ridge in the southeast of this area, it is some hundreds of meters below the surUruk Sulcus. We identified a total of 8 craters in the roundings. A massif in the southwest part of the study area DTM (see also the shaded relief in Fig. 6 ). But since these is up to 700 m above the mean elevation level. The two are only small in diameter (about 2 km) and have low knobs featured by the DTM (Fig. 9 , profiles p1 and p2) contrast in the images, their shapes may not be reliable in are very similar in shape and height. The asymmetry in some cases. Especially, the true crater depths may be larger slopes shown in profile p2 may be due to the fact that the because there is a tendency to smooth small-scale features knob is located on tilted ground (see the anaglyph Fig. 4 ). in our method of analysis (see Section 4.2). A subset of As found in Uruk Sulcus, brightness variations are con-two craters was profiled (Fig. 8, profiles p4 and p5) . Their trolled by topography. Especially, bright material is located depth-to-diameter ratios were determined to be 1 : 11 and mostly on slopes facing north. A detailed analysis is left 1 : 14 in agreement with the Voyager measurements extrapto a companion paper (Prockter et al. 1998) .
olated to smaller diameters (Fig. 11) . The profiles show a substantial variation in depth and diameter depending on
Comparison of Surface Roughness
the direction along which the profiles are taken (see the horizontal and vertical bars in Fig. 11 ). This is particularly To characterize and compare the surface roughness at Uruk Sulcus and Galileo Regio, we computed the incre-evident in the case of profiles p4a and p4b. However, the depression mapped by these two profiles could possibly mental variance (Smith et al. 1997 , Matherton, 1965 
͘ by explicit spatial averaging. ⌬z repre-represent a double crater. There are in fact a number of double craters in the surrounding area. In contrast, profiles sents the difference ⌬z ϭ z(x ϩ u) Ϫ z(x) between heights z in the terrain model at a location x and a location at a p5a and p5b obviously cross one single crater. The different depths of the profiles may be due to poor resolution of distance u from x. The incremental deviation d(u) ϭ ͙g(u) was also computed and is shown in Fig. 10 . Note the DTM within the crater.
Some of the craters show central peaks (see Fig. 3 ) but that d(u), when divided by u is directly related to the RMS local slope of the surface. determined the bowl-to-central peak transition for craters Smaller impact craters with diameters between 4 and 7 km are bowl-shaped. There are 6 craters of this type visible at Ganymedes' south pole to be at diameters of 5 Ϯ 1 km.
in the DTM (Fig. 7) . In contrast to the craters considered The image data indicate that even smaller craters on Ganyin Uruk Sulcus, these are expected to be reliably resolved mede have central peaks, at least in Uruk Sulcus.
because they are significantly larger than the patch size Galileo Regio. There are several impact features in used in the image correlation. In addition, there is more the Galileo Regio terrain model that differ in sizes and contrast in the image data. Selected profiles are given in morphologic styles. Parts of a large ring-like feature 40 km Fig. 9 (profiles p3, p4, and p5) . Profiles p4 and p5 show in diameter are seen in the west of the study area (Fig. 7) . asymmetric slopes on opposite walls, but this may be due This feature appears heavily degraded and the indication to the fact that these craters formed on tilted surfaces. in the DTM is only weak. A 20-km-sized impact feature, The pronounced asymmetry in profile p4b may come from crater Ea, is located in the south of the study area (Fig. artifacts in the DTM because there is only little contrast 7). It has a domed floor, which is about 300 m above the in the crater interior at the upper profile location, although deepest point in the crater interior (Fig. 9, profile p8 ). This this area is facing the Sun and the phase angle is small.
Depth-to-diameter ratios of a total of 4 craters were deteris rather high compared with a rim elevation of only 500 m. mined, ranging from 1 : 8 to 1 : 11. Craters of this type were From Fig. 11 it appears that craters found in Galileo Regio are deeper than in Uruk Sulcus. This could be related found to be shallower in Voyager images (Fig. 11) . This may be related to the low resolution (550 m/pixel at best) to different degradational stages or different target or impactor material properties. However, as mentioned above, of the images (Schenk 1991) and probably also to the different methods of analysis applied (Jankowski and it is highly probable that the true depths of the craters considered in Uruk Sulcus are larger than given by the DTM. Squyres 1991, Giese et al. 1996) .
FIG. 11.
Depths and diameters of simple craters on Ganymede determined by different methods. The photoclinometry data and the shadowlengths measurements were taken from Schenk (1991). Black markers are from this work. The horizontal and vertical bars represent the minimum and maximum of measured depths and diameters from different crater profiles of one crater.
FIG. 12.
Sketch of the imaging geometry at oblique viewing directions from camera positions r1 and r2. The horizontal and vertical resolution of the terrain models can be related to the geometry parameters shown (see text for details).
There is no indication for central peaks within craters furrows, ridges, isolated knobs, and degraded impact structures. Large furrows and ridges extend over tens of kilomein Galileo Regio. For the majority of the studied craters, this is consistent with previous studies of crater morpholo-ters and have rim-to-bottom heights of up to 1000 m. Local slopes reach 30Њ. Both terrain models feature craters. Those gies. However, the 7-km crater covered by profile p3 (Fig.  9) is clearly beyond the bowl-to-peak transition limit given in Uruk Sulcus are about 2 km in size with a depth-todiameter ratio of about 1 : 12. Bowl-shaped craters featured by Schenk (1991) and does not show any central peak, neither in the DTM nor in the anaglyph (Fig. 4) . This by the DTM in Galileo Regio are more than 2 times larger.
Their depth-to-diameter ratio is about 1 : 9. This is in apsuggests perhaps that material properties in Galileo Regio differ from those in other areas.
proximate agreement with data for simple craters measured in Voyager images. A large complex 20-km crater Similar sized craters on other planetary bodies have been previously studied by methods of photogrammetry; the shows an elevated crater floor 300 m at its highest, which is more than half of the crater rim's height. 10-km lunar crater Kopff E was stereo imaged at high resolution (180 m/pixel) during the Clementine mission These new data constitute the hitherto best terrain models of Ganymede's surface. Owing to flybys at close range and was shown to have a depth-to-diameter ratio of approximately 1 : 6.7 (Oberst et al. 1996 (Oberst et al. , 1997 , as is typically and to the superb geometric and radiometric properties of the Galileo SSI CCD camera, the models, though confined expected for small simple craters on the Moon. During its cruise to Jupiter, Galileo encountered the asteroid 243 Ida. to two local study areas, are superior to terrain data from Voyager imagery using either stereo photogrammetric or High-resolution images (37 and 59 m/pixel) were used to derive local DTMs (Giese et al. 1996) which included the photoclinometric techniques. 2.4-km bowl-shaped crater Kazumura with a depth-todiameter ratio of 1 : 9.
APPENDIX
CONCLUSION
Relationships between conjugate image point accuracies, imaging geometry and resulting object point accuracies are given.
We computed Digital Terrain Models for two areas near 
